Objective: To assess the effect of hypercholesterolemia on neointima formation and vascular remodelling after porcine coronary angioplasty. Methods: Left anterior descending coronary angioplasty was carried out in five control and 16 age-matched hypercholesterolemic miniature pigs. Vascular remodelling was measured by intravascular ultrasound. Neointima size and composition were assessed by quantitative image analysis. Coronary smooth muscle cells (SMC) from control and diet pigs were collected 1 h after angioplasty for in vitro study of the effect of hypercholesterolemic serum on SMC migration and of macrophage-induced matrix 2 degradation on SMC adhesion. Results: Twenty-eight days after angioplasty, lumen increase was 0.0861.7 mm in diet and 2.762. circumferential gain relative to the neointima (R 50.32; P,0.01) but not with neointimal area that was similar in control and diet pigs. Circumferential gain correlated with VSMC deposition at the site of the injury (R 50.28; P,0.01) that correlated with organized collagen 2 (R 50.34; P,0.01). The VSMC and collagen content of neointima in diet pigs was lower whereas the macrophage content was higher. Hypercholesterolemic serum and oxidised LDL reduced migration of VSMC from diet pigs. Macrophage-induced degradation of VSMC extracellular matrix reduced VSMC adhesion (P50.015). Conclusion: Hypercholesterolemia impairs vascular remodelling of balloontreated coronary arteries. It decreases VSMC and collagen accumulation at the site of injury. Our in vitro data suggest that this decrease can be due to macrophage-induced matrix degradation and reduced VSMC adhesion and to impaired VSMC migration. Oxidised LDL mimics the inhibitory effect of hypercholesterolemic serum. 
. Introduction
tima formation and about 70% to constrictive remodelling [1, 2] . Cellular and molecular mechanisms leading to vessel Restenosis after successful percutaneous transluminal constriction remain largely unknown. Alterations in colcoronary angioplasty (PTCA) is due about 30% to neoinlagen metabolism, apoptotic turnover and phenotypic changes in SMC have been implied [3, 4] . Inflammatory responses in the adventitia can contribute to vascular remodelling in small animal models [5] .
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Time for primary review 21 days.
Hypercholesterolemia has been demonstrated to facilirecorded IVUS images as: lumen 2lumen . The post pre tate vascular shrinkage after balloon injury in animal IEL / IEL ratio was calculated as a measure for post pre models, but lipid-lowering strategies have failed to prevent vascular remodelling. restenosis after coronary angioplasty [6, 7] . In the present study a model of coronary atherosclerosis in minipigs [8] 2 .3. Vascular injury assessment was used to study the effect of LDL hypercholesterolemia on coronary artery remodelling in response to balloon Arterial injury at the sites of maximal injury was injury. We observed impaired vascular remodelling and assessed as described by Schwartz: 0, IEL intact; 1, rupture decreased late luminal gain after angioplasty in hyperof IEL only; 2, media damage; and 3, EEL rupture [11] . cholesterolemic miniature pigs that related to decreased vascular smooth muscle cell (VSMC) and collagen ac-2 .4. Neointimal hyperplasia cumulation at the site of mechanical injury. To better understand the impact of hypercholesterolemia on VSMC Targeted LAD segments were sectioned at 7-mm thickaccumulation and of matrix degradation on VSMC adheness and a section every 70 mm was stained with Verhoeffsion, we have studied the effect of control and hyperVon Gieson. A segment of 700 mm, spanning the maximal cholesterolemic serum on VSMC migration and proliferlesion, was used to assess neointima composition. Total ation and of macrophage-induced extracellular matrix lipid deposition in the lesions was determined by oil-red-(ECM) degradation on VSMC adhesion in vitro. Further-O. Immunostaining was carried out for macrophages, more, we investigated whether oxidised LDL can mimic oxidised LDL, SMC (a-actin and smoothelin), and colthe inhibitory effects of hypercholesterolemia on VSMC lagen type I [8, 12] . Blinded analysis was performed with migration.
the Quantimet 600 image analyser (Leica, Brussels, Belgium). A colour threshold mask for immunostaining was defined to detect the red or brown colour by sampling and 2 . Methods the same threshold was applied to all samples. The lesion area with positive colour was recorded. . IEL fracture length to neointima ratio was revised 1996). The Ethical Committee of the Katholieke calculated as a measure for the circumferential gain of the Universiteit Leuven has approved the study. Sixteen injured artery relative to neointima [10] . Diet-induced miniature pigs were placed on a 4% cholesterol diet for atherosclerosis in the absence of mechanical injury was 6-24 weeks before PTCA. Age-matched pigs were used as assessed in the LCx as reference artery. controls [8] . Lipid profiles were determined in the university hospital routine lab. Levels of circulating oxidised 2 .5. VSMC culture LDL were determined as previously described [9] .
One hour after PTCA, VSMC of injured coronary 2 .2. Coronary artery instrumentation and assessment of arteries from control and diet pigs were isolated using the vascular remodelling explant-outgrowth method [16] and maintained in culture in Dulbecco's modified essential medium (DMEM) supCoronary instrumentations were carried out in deep plemented with 10% foetal bovine serum (FBS), 100 U / ml propofol anaesthesia as described before [10] and inpenicillin and 100 mg / ml streptomycin. All experiments travascular ultrasound (IVUS)-loops (IVUS Visons Fivewere carried out with cells of less than six passages. 64F / X, Endosonics, Zaventem, Belgium) of the proximal LAD were recorded. Areas of external elastic lamina 2 .6. LDL oxidation (EEL), internal elastic lamina (IEL) and lumen were measured. In order to oversize the coronary arteries, a LDL was isolated and oxidised in vitro, as previously balloon (balloon / vessel ratio of 1.2960.1) was inflated at described [17] Cell migration was evaluated using a scratch wound 3 . Results assay [18] . The cell monolayer was scratched with a rubber policeman to generate a wound with a width of approxi-3 .1. Plasma lipid levels mately 10 mm. The remaining cells were washed twice with 0.2% FBS, and 0.2% FBS, 10% CPS, 10% DPS or 10 Table 1 demonstrates that the cholesterol diet induced a mg / ml pig oxidised LDL were added for 48 h. VSMC were significant increase in total cholesterol, LDL-cholesterol fixed in methanol, nuclei were stained using the Mayand HDL-cholesterol but not of triglycerides within 4 Grunwald-Giemsa method [19] and the migrating cells and weeks. Thereafter lipoprotein and lipid levels remained distance were assessed in 10 high power fields (hpf) along unchanged. Levels of circulating oxidised LDL were the scraped line.
significantly higher in diet pigs (P,0.001; Table 1 ).
.8. Extracellular matrix production and synthesis

.2. Acute lumen gain and vascular injury
To produce ECM, VSMC were seeded in six-well plates The acute lumen gain in control and diet pigs was in DMEM-10% FBS. Sub-confluent cells were maintained similar. The increase in luminal diameter was 8.763.7 and in DMEM-0.2% FBS for 9 days. SMC were lysed in 125 5.965.6%, respectively. The injury score was also similar: mM NH for 10 min at room temperature and ECM was 2.1560.42 and 2.0060.72, respectively. At the end of the experiment, seven of 16 diet pigs had Cell adhesion was evaluated according to a previously atherosclerotic lesions in the non-injured LCx (reference described protocol [21] with modifications. Human monoartery) that were greater than the mean62 S. with the IEL fracture length-to-neointima ratio, as a arteries of control and diet pigs were very similar, differmeasure for circumferential gain of the injured artery ences in neointimal composition were observed. Neointima relative to neointima. Lumen change did not correlate with from diet pigs contained more macrophages, lipids and 2 neointimal area (data not shown). The circumferential gain oxidised LDL (0.16260.025 vs. 0.02760.005 mm , P5 correlated with VSMC accumulation at the site of injury 0.001) and less SMC and (organized) collagen than control that correlated with organized collagen (Fig. 2) .
arteries (Fig. 4) . mm . The mean neointima / media ratio of injured segeffect of hypercholesterolemia after angioplasty by comments of coronary arteries from control and diet pigs was paring VSMC from control and diet pigs after injury. In the very similar.
presence of 10% FBS, migration of VSMC from control pigs was similar to that of VSMC from diet pigs. It was 3 .6. Relation between hypercholesterolemia and threefold increased compared to baseline conditions (P, composition of neointima 0.05) (Fig. 5B) . Control pig serum induced a significant increase in migration of VSMC from control and diet pigs Results are presented in Table 2 . Lumen change was (P,0.001, P50.036, respectively) compared to 0.2% FBS inversely related to hypercholesterolemia (R520.54; P5 (Fig. 5C ). In the presence of diet pig serum, migration of 0.005) that positively correlated with macrophages (R5 VSMC from control pigs was similar to that in the 0.63; P50.002), lipids (R50.62, P50.002) and oxidised presence of 0.2% FBS, whereas that of VSMC from diet LDL (R50.59, P50.004), and negatively with VSMC pigs was significantly reduced. Oxidised LDL had no (R520.59; P50.005) and organized collagen (R520.38, effect on migration of VSMC from control pigs compared P50.018) accumulation in the neointima.
to baseline conditions. In contrast, it significantly decreased migration of VSMC from diet pigs (P,0.05; Fig. 
.7. Effect of hypercholesterolemia on VSMC 5C). proliferation and migration
Proliferation of VSMC derived from diet pigs was higher than that of VSMC derived from control pigs. First, the effect of in vivo exposure of VSMC to Proliferation of VSMC from control and diet pigs in the hypercholesterolemia on in vitro migration was tested. In presence of 10% FBS, 10% control and 10% diet pig the presence of 0.2% FBS (baseline conditions), migration serum was similar (Fig. 5D ). of VSMC from injured arteries was similar to that of VSMC from intact arteries (Fig. 5A) . Migration of VSMC 3 .8. Effect of macrophages on extracellular matrix from diet pigs was however significantly lower (P,0.01) degradation and VSMC adhesion compared to that of VSMC from control pigs in baseline conditions (Fig. 5A) . Since injury had no significant effect THP-1 cell-induced VSMC ECM degradation increased Fig. 3 . Photomicrographs comparing accumulation of lipids, macrophages, smooth muscle cells and collagen in balloon-treated coronary arteries from control and diet pigs. In areas of macrophage accumulation in coronary arteries of diet pigs, no a-actin and collagen accumulation were observed (arrow heads indicate areas that are shown at larger magnification). In the LAD from diet pigs, lipid accumulation was observed at the base of the restenotic lesion where the IEL was ruptured, but also in the periphery of the lesions co-localizing with macrophage accumulation (arrow heads). Here, only few a-actin positive cells were observed and collagen staining revealed large gaps in the collagen web at these sites (arrow heads).
from 10-20% after 24 h to 60-70% after 5 days (Fig. 6A) . lumen gain after porcine coronary angioplasty. Lumen Adhesion of VSMC to pre-digested ECM decreased by change correlated with the circumferential gain of the 55% compared to adhesion to native ECM (Fig. 6B) .
injured artery that correlated with organized collagen VSMC adhering to native ECM were well spread and flat deposition that depended on VSMC accumulation at the (Fig. 6D) with a rich and well-organized net of a-actin site of injury. In aggregate, our data indicate that accumufibres (Fig. 6F) . In contrast, VSMC adhering to pre-dilation of VSMC and deposition of VSMC matrix play a gested ECM were skinny (Fig. 6E ) with a less elaborated major role in vascular remodelling. This was hampered in a-actin fibre structure (Fig. 6G) .
the injured coronary arteries from hypercholesterolemic When SMC were seeded on native ECM, control and pigs that contained less VSMC and collagen but more diet pig serum had no effect on ECM synthesis by VSMC.
macrophages. When seeded on pre-digested ECM, VSMC synthesized Our in vitro studies showed that hypercholesterolemia in more ECM in the presence of FBS and control serum. In vivo as well as in vitro reduced migration of VSMC. contrast, diet pig serum failed to induce ECM synthesis Moreover, we demonstrated that oxidised LDL mimicked (Fig. 6C) .
the effect of hypercholesterolemia. In contrast, proliferation was not affected by hypercholesterolemia in vitro. VSMC from diet pig displayed a higher proliferation rate 4 . Discussion in baseline conditions. Serum from hypercholesterolemic pigs induced an increase in VSMC proliferation similar to In agreement with findings in man, vascular remodelling that obtained in the presence of 10% FBS, in accordance rather than neointimal hyperplasia correlated with late with previous studies [22] . Altogether our in vitro data Fig. 4 . Mean intima, macrophage, lipid, vascular smooth muscle cell, collagen and organized collagen content in injured coronary arteries from control and diet pigs. Although mean intima area in injured coronary arteries from control and diet pigs was very similar, differences in neointima composition were observed. Neointima from diet pigs contained more macrophages and lipids and less SMC and (organized) collagen than control arteries.
suggest that the inhibitory effect of hypercholesterolemia indeed associated with an increase in circulating oxidised on VSMC accumulation at the site of injury may be due to LDL and led to higher oxidised LDL deposition in injured impaired VSMC migration rather than VSMC proliferation.
arteries of hypercholesterolemic pigs. Impaired VSMC-dependent repair function is most likely
We observed less accumulation of SMC and collagen in due to exposure of VSMC to plasma lipoproteins after macrophage-rich regions in the neointima in coronary vessel wall disruption, particularly to oxidised LDL as arteries of diet pigs. This is in agreement with earlier evidenced by the decrease in VSMC migration in the observations that macrophages secrete metalloproteinases presence of oxidised LDL. Hypercholesterolemia was that degrade collagen [23] . We therefore studied the effect of macrophage-induced extracellular matrix degradation on VSMC adhesion in vitro. Adhesion of VSMC to matrix digested by differentiated THP-1 cells decreased by 55%. indirect effect via macrophages that by degrading ECM matrix production could restore the ability of VSMC to prevent SMC adhesion and thereby accumulation. migrate towards and adhere to an injured vessel wall Previously we have isolated circulating oxidised LDL segment in order to contribute to the repair process. from the plasma of patients with cardiovascular disease Restoration of matrix did however not occur in the and shown that its composition is very similar to that of presence of hypercholesterolemic serum. Our in vitro data oxidised LDL that has been isolated from atherosclerotic thus suggest an inhibitory effect of hypercholesterolemia plaques [25] . Thus the effect of oxidised LDL present in on the healing capacity of VSMC by reducing their the plasma may mimic that of oxidised LDL present in the potential to produce extracellular matrix and are in agreeplaque [26] . We have however to take into account that the ment with the reduced VSMC accumulation in the macrooxidised LDL that is obtained by metal-ion induced phage-rich and collagen-poor areas in the neointima of diet oxidation is more extensively modified.
pigs. Positive vascular remodelling depends on ECM synProduction of matrix and dispersion of VSMC in the thesis by VSMC to compensate the degradation of ECM by vessel wall has thus far been considered as disadvantagemacrophages that accumulate after angioplasty [27] . We ous and a key feature of neointima formation. Indeed will observed that macrophages co-localised with gaps in neointima, that does not stretch out circumferentially to collagen where VSMC accumulated less in hypercholesserve as a neomedia, encroach the lumen and lead to terolemic pigs. In vitro, we observed that VSMC produced restenosis? Our data, however, suggest that while hymore matrix in the presence of control pig serum when percholesterolemia affects the amount of neointimal tissue seeded on digested matrix than when seeded on native only marginally, it impairs the ability of the vessel wall to ECM. In contrast, in the presence of hypercholesterolemic utilize newly formed tissue for its expansion. This leads to pig serum, VSMC failed to compensate ECM degradation an undesirable neointimal shaping in response to meby macrophages, in accordance with previous in vitro chanical injury and consequent luminal encroachment due findings [28] and with our in vivo observations. The to the lack of vascular circumferential growth. increased matrix production in response to macrophageIn humans, unfavourable remodelling accounts for up to mediated matrix degradation was however impaired in the 70% of clinical restenosis after coronary angioplasty. presence of hypercholesterolemic serum. An increase in Probucol, a cholesterol-lowering agent with antioxidant 
